Introduction
Structural remodelling of the coronary microcirculation occurs in a number of conditions resulting in microcirculatory dysfunction. 1 A reduction in myocardial capillary density (rarefaction) constitutes a specific form of microcirculatory remodelling resulting in an impairment of coronary haemodynamics and influencing long-term outcome. 2, 3 Within cardiac allograft recipients, evidence suggests that the earliest changes of cardiac allograft vasculopathy (CAV) occur as capillary rarefaction 4, 5 before the process is clinically appreciable using angiography and IntraVascular Ultrasound (IVUS). However, a sound physiology-based methodology capable of quantifying early-CAV through capillary rarefaction is missing.
Since capillary density is a significant determinant of the capacity of the intramyocardial vasculature, 6 a physiological technique capable of quantifying microcirculatory filling during early diastole might provide valuable clues on the magnitude of the subtended capillary density. The backward decompression wave (BDW), measurable through wave intensity analysis (WIA), originates from the microcirculation and is hypothesized to quantify the re-expansion of the intramyocardial network in early diastole. 7 It may give a relatively-specific measure of capillary density and rarefaction uninfluenced by coexisting arteriolar obliteration whose influence on flow is noted during mid-to-late diastole. 8 This is particularly important since such types of structural remodelling may also occur through disease processes with an independent effect on microcirculatory haemodynamics and outcome. 8 To test this hypothesis, and to validate WIA as a diagnostic tool capable of measuring capillary rarefaction, we analysed coronary pressure and Doppler flow velocity measurements obtained in a cohort of consecutive of patients that had previously undergone cardiac transplantation without angiographic evidence of CAV. The study had two parts: firstly, a comparison of WIA and other physiological indices with capillary density estimated by histomorphometric-examination of simultaneously-obtained endomyocardial biopsies. Secondly, an assessment of the relationship between WIA and other physiological indices with long-term outcomes in patients with cardiac transplantation.
Methods

Study population
Patient flow through the protocol is demonstrated in Figure 1 . Mean time from transplantation to assessment was 59.6 ± 55.0 months. Sixty-eight consecutive patients scheduled for routine follow-up cardiac catheterization ± endomyocardial biopsy were consented for enrolment. Fifty-two had angiographically normal coronary arteries and were included in the study. All patients were maintained on cyclosporine and steroid therapy. Forty one patients (93%) were taking a third immunosuppressive drug at the time of interrogation of which 36 were taking azathioprine and 5 mycophenolate mofetil (MMF). The study was approved by the centre's ethics committee, and all participants provided written informed consent.
Intracoronary physiological data
A right femoral artery approach was used and 5000 IU of unfractionated heparin administered centrally. Aortic pressure was obtained from a 6 Fr guiding catheter without side holes. Coronary blood flow velocity measurements were performed in the mid-segment of the left anterior descending artery (LAD) with a 0.014 inch of intracoronary Doppler-tipped guidewire connected to the corresponding interface (FloWire and FlowMap, Cardiometric, Mountain View, CA, USA). Measurements were obtained after intracoronary nitrates, at baseline and then during maximal hyperaemia achieved using a 60-lg intracoronary adenosine bolus. Continuous simultaneous digital acquisition and storage of ECG, aortic pressure, and instantaneous intracoronary flow velocity were performed with a 12-bit-resolution analogue-to-digital converter (DI-200 PGL, DataQ Instruments, Akron, OH, USA) controlled by dedicated software (WinDaq200, DataQ Instruments).
The following indices were constructed: coronary flow reserve (CFR), basal microvascular resistance (BMR), hyperaemic microvascular resistance (HMR), instantaneous hyperaemic diastolic velocity pressure slope (IHDVPS), zero flow pressure (Pzf), and WIA. In addition to these physiological measurements, a subgroup of 15 patients underwent a right ventricular biopsy according to an established clinical protocol with care taken to sample the interventricular septum using multiple fluoroscopic views; 8 control patients were included for comparison. Haematoxylin staining and antibodies against endothelium were used to identify arterioles and capillaries respectively by a pathologist blinded to the physiological data.
Expanded methods are presented in the Supplementary material online, Appendix.
Follow-up
The CAV endpoint was defined as a pre-determined composite of all CAV-related events incorporating CAV-related death, re-transplantation and re-vascularization. Patients underwent 1-3 yearly clinical and angiographic screening to identify evidence of CAV. Once identified, it was quantified according to standard International Society for Heart and Lung Transplantation (ISHLT) grading (Supplementary material online, Table  S2 ).
9 IntraVascular Ultrasound (IVUS) (Atlantis, Boston Scientific, Natick, MA, USA) was performed as standard and stratified according to the Stanford classification. 10 
Statistics
To ensure adequate power we estimated the minimum rate of development of angiographic CAV to be 50% over 5 years based on prior literature. We determined that 44 individuals were required with an expectation of 22 events to give a 90% power to reject a hazard ratio (HR) of at least 2.0 at the 0.05 significance (two-tail). Continuous data is expressed as mean ± standard deviation. Significant differences between the study subgroups were determined by the Student's t-test. ISHLT data were analysed using the Cuzick's test for trend. Linear regression analysis was performed to assess univariate relationships between continuous variables. To determine the BDW value best predictive for the development of angiographic CAV, we generated a receiver-operator characteristic (ROC) curve from the ROCTAB function in STATA and the BDW closest to 100% sensitivity and specificity was identified. This value was used to categorize individuals into high-and low-risk groups, and survival free of angiographic CAV was then analysed using univariate Cox regression.
Data analyses were performed by STATA 13.1 for Windows (STATA software, College Station, TX, USA). A P-value of <0.05 was considered statistically significant.
Results
Adequate physiological data was obtained in 44 patients (Supplementary material online, Table S1); the 8 rejected patients were removed before any data processing because of poor quality flow-velocity signals. There were no procedural complications. All patients were in sinus rhythm, with a baseline heart rate of 84 ± 17 b.p.m. and normal left ventricular (LV) function. At recruitment, 52 (76%) reported no significant symptoms, 12 (18%) were breathless on moderate exertion, and 4 (6%) reported atypical chest pain.
Supplementary material online, Table S2 shows the mean values of the measured indices of microcirculatory function.
Histological data
An average of four biopsies were obtained per patient. Arteriolar density was similar in transplant biopsies (2.00 ± 1.22 arterioles per 1 mm 2 ) and control subjects (2.50 ± 0.75 arterioles per 1 mm 2 , P = 0.5). Capillary density was significantly lower (623 ± 179 vs. 1101 ± 322 capillaries per 1 mm 2 , P < 0.01) in transplant biopsies than in control subjects (Supplementary material online, Figure S2 ).
Univariate regression analysis comparing the physiological indices with capillary density was performed. A correlation was noted between capillary density and both the BDW intensity (r = -0.65, P = 0.008) and CFR (r = 0.52, P = 0.048). There were weaker associations with IHDVPS (r = 0.51, P = 0.055), HMR (r = -0.47, P = 0.08), BMR (r = 0.36, P = 0.2), and Pzf (r = 0.13, P = 0.7) which did not reach significance ( Figure 2 ). 
Follow-up
Two patients were lost to follow-up. Of the remaining 42, mean follow-up was 9.3 ± 5.2 years. During this period there were 12 composite events (CAV-death 5, re-transplantation 4, re-vascularization 3). The BDW was significantly lower in patients suffering an event than those event-free (-4.5 ± 2.5 vs. By ROC analysis, a BDW of -44.4 Â 10 2 W/m 2 /s was determined as the optimum cut-point for assessing the rate of angiographic CAV development (area under the ROC curve 0.76, sensitivity 0.62, specificity 0.91). Using this cut-off, it was possible to predict those at risk of developing angiographically evident disease (HR 2.89, 95% CI 1.12-7.39; P = 0.03, Figure 5 ). No other markers of microvascular function produced an equivalent trend. The influence of other clinical variables on CAV is highlighted in the Supplementary material online. 
Discussion
The novel findings of this study are:
(1) Coronary WIA findings correlate well with the capillary density of the subtended myocardium (2) In cardiac transplantation patients, wave-intensity analysis allows identification of myocardial capillary rarefaction. (3) Wave-intensity analysis predicts the development of angiographic CAV as well as its severity and the likelihood of a clinical CAVevent.
Wave intensity analysis and capillary density
Cardiac capillary rarefaction is an important pathogenic process in a number of cardiovascular and systemic diseases but obtaining this information in vivo remains difficult. We have shown that the BDW is a measure of capillary density and is able to identify capillary rarefaction. Although both CFR and IHDVPS are predictive of capillary density, 2, 8 in this small cohort the BDW gives the strongest correlation over other conventional pressure/flow-derived measures of microvascular function. Coronary WIA was first performed 10 years ago in humans and since then has been used in a number of physiology studies to predict outcome 11 or delineate mechanistic information. 7, 12, 13 Six waves are identified within each cardiac cycle and each have been ascribed to particular temporal cardiac processes. 7 Despite the wealth of clinical insight WIA has provided, until now this ascription has been based largely on theoretical concepts. The most clinically relevant wave is the BDW. This wave is proposed to originate from the diastolic re-expansion of the intramyocardial conduits that collapse under systolic compression, akin to a sponge immersed in water and being squeezed then released. As most of such microvascular collapsible conduits are capillaries due to their volume and compliance, 6 the BDW constitutes a selective tool to interrogate the myocardial capillary domain. Previous studies 7, 12 have provided indirect evidence for the origin of this wave and its modification in conditions with increased extravascular compression of the microcirculation. While ultimately the BDW will be influenced by both anatomical and physiological 7, 12, 13 conditions, the relationship we have shown between the BDW and myocardial capillary density provides the first non-physiology-based direct evidence to support the theoretical concepts of the BDW.
Wave intensity analysis to predict cardiac allograft vasculopathy
Cardiac allograft vasculopathy continues to limit the long-term success of cardiac transplantation. Earlier manifestations of CAV take place in the microcirculation and ultimately progress to cause accelerated coronary artery disease with diffuse and circumferential intimal lesions that can ultimately impair coronary blood flow. Angiography is capable of detecting the very late states of the process in which obstructive disease of the epicardial vessels has already occurred. Given the asensory nature of transplanted-hearts, CAV currently necessitates frequent angiographic screening 14 which incurs significant clinical risk as well as cost. However, its rate of development remains unpredictable. More accurate diagnosis of pre-clinical CAV would allow more accurate risk stratification, prognostication, appropriate targeting of aggressive therapy, and improved costeffectiveness and as such is being sought through a number of modalities. Although distinct from atherosclerotic heart-disease, CAV shares some pathological features including involvement of the ) is a key process. Using histological analysis, we have confirmed here that capillary (but not arteriolar) density is reduced in cardiac transplant patients compared to controls supporting our hypothesis that our physiological marker of rarefaction can be used to predict the development, rate of progression, and outcome of CAV.
After a mean follow-up period of nearly 10 years, 50% of patients had developed angiographic evidence of CAV which is consistent with current contemporary practice. 17 This feature could be predicted from both the BDW and IHDVPS but not through any other markers of microvascular function. Wave-intensity was also able to anticipate its rate of progression and severity. Therefore, it appears that the degree of microcirculatory involvement demonstrated by WIA reflects both the angiographic severity and rate of occurrence of CAV ( Figure 6 ). We defined a composite endpoint of adverse CAV-related events which included CAV-death, re-transplantation, and revascularization. Of our pre-defined markers of microvascular function, only the BDW was able to identify patients at risk of these events.
Other markers of microvascular function
Several other intracoronary physiology tools can be used in vivo to investigate the microcirculation including CFR, HMR, the index of Microcirculatory Resistance (iMR), IHDVPS, and zero-flow pressure (Pzf). Some of these markers have already been used to provide clinical and physiological insights into cardiac allograft patients. 8, 18, 19 Our analysis incorporated all contemporary non-thermodilutional markers of microvascular function, but the strongest correlate remained with wave-intensity analysis for identifying histological and prognostic information in this group of patients. IHDVPS is an alternative way to integrate pressure and flow responses and provides a measure of conductance. Previous work has shown that this marker correlates with capillary density 8 and again we found a trend here which may have reached significance with a larger patient population. IHDVPS was also capable of providing some useful insights into prognosis particularly in delineating the resultant ISHLT-grade of disease severity. However, because of its dual influence from both the capillary and arteriolar domain it does not provide such a dedicated insight into capillary density as WIA.
We speculate that mid-to-late diastole is governed by the combined resistance effect of the arterioles and capillaries which is therefore appreciable with IHDVPS. In early diastole the dominant influence is the capacitance of the re-expanding intramyocardial vessels, particularly that of the capillaries. 6 Despite this, we are encouraged by the supportive information provided by IHDVPS in this cohort of patients reinforcing our earlier work in this field. 8 We would highlight that rarely does a disease process solely affect one component of the microcirculation and alternate modalities (such as IHDVPS in this cohort) may provide important complimentary data. Furthermore, we note that there are other histological markers important to the pathogenesis of CAV, particularly that of fibrin deposition. 16 This could well influence microvascular resistance, in part accounting for the relationships seen with IHDVPS. Although Pzf is constructed from pressure-flow loops, it appears to provide differing clinical information. It is influenced markedly by LVEDP 20 and following myocardial infarction provides significant prognostic information. 21 However, unlike IHDVPS it does not provide information on microcirculatory histology or predictive data in this study. Interestingly, although the normal range for Pzf has not been established, values in this cohort appear relatively high; this may perhaps reflect some of the subtle abnormalities in LV relaxation following cardiac transplantation. 22 Coronary flow reserve has been shown to convey prognostic information regarding LV systolic function in cardiac-transplant patients 18 and is correlated with capillary density in patients with dilated cardiomyopathy. 2 It is not therefore surprising that this index also provided some predictive information regarding capillary density in this cohort as well. However, CFR may be influenced by both macro-and microvascular disease 23 as well as other haemodynamic parameters. 24 To our knowledge there have been no studies linking whole-cycle derived measures of resistance (BMR or HMR) with outcome in cardiac transplant patients. In this study, we found no significant correlation with these measures. There was a trend towards a relationship between HMR and capillary density perhaps reflecting the decreased cross-sectional area of the capillary bed; in turn this may echo the previously documented relationship between iMR and outcome. 25 
Future directions
Capillary rarefaction is an important component in a number of disease processes and an indicator of prognosis. With this validatory work we have demonstrated the potential to assess capillary density using WIA which could therefore be applied to estimate prognosis in other conditions and potentially even in a non-invasive fashion. 26 For example, the importance of microcirculatory function has been Wave-intensity therefore has the potential to acutely investigate the state of the myocardium following infarction and potentially guide such therapies.
More specifically from this study, WIA may provide an option to risk stratify patients following transplantation thus offering a more individualized guide for therapy. Current guidelines recognise the importance of this subject 28 and annual or even biannual angiography is suggested for cardiac transplant patients. This incurs a significant burden for both the patient and health service. We suggest that waveintensity analysis (WIA) could be used to stratify patients and devise a more tailored investigative regimen, possibly further enhanced with the emergence of non-invasive methods for performing this assessment 26 which ultimately may influence future guidelines.
We have also demonstrated the complementary nature of many emerging microcirculatory tools including IHDVPS, which provides a combined insight into the arteriolar and capillary domain. Thus we begin to delineate the 'black box' of the microcirculation with the aim of determining information specific to particular processes and anatomical regions within the microcirculation ultimately provide more specific information regarding health and disease in differing patient cohorts. Further work is clearly needed in this direction.
Limitations and disadvantages
Although this study produced a vast amount of sophisticated physiological data, the number of patients and events was relatively low. However, the data quality was high and the follow-up rigorous ensuring maximum reliability of these data. Despite this we acknowledge that larger studies are required before these findings can be extrapolated to the entire population.
Biopsies were obtained from the right ventricular approach but wave-intensity was performed in the LAD. However, we took great fluoroscopic care to ensure that our biopsies were taken from the interventricular septum. In each patient, multiple samples were taken from several separate approaches decreasing any potential error from an individual inadvertent non-septal sampling.
For ethical reasons, we only measured capillary density in the 15 patients in whom both angiography and biopsy was clinically justified. Given the rapidity with which capillary density can change we did not analyse biopsies unless WIA was performed simultaneously. Capillary density itself did not significantly predict CAV outcome most likely because this assessment only involved these 15 patients. However, this assumption needs to be acknowledged.
We were forced to exclude 8 (15%) patients originally enrolled in the study from our analysis due to poor quality pressure and/or flow signals. However, with more modern techniques and equipment, and increasing experience we envisage this percentage could be markedly reduced if used clinically. There was nothing to suggest those patients excluded were in any way different from our study cohort.
Our index data was gathered prior to the availability of the combined Doppler-and pressure-sensor tipped coronary wires that are used for conventional wave-intensity analysis. Therefore, the pressure signal was obtained from the tip of the catheter rather than at the same location as the flow-wire. However, we expect these waveforms to be identical in the absence of any epicardial disease-this remains the fundamental basis behind physiological coronary stenosis assessment in widespread clinical use. Figure 6 Schematic representations of the process of cardiac allograft vasculopathy and the ability of coronary wave intensity analysis to predict rate and severity of angiographic and clinical outcomes. In the first few months following transplantation, more severe capillary rarefaction occurs in those patients who ultimately go on to develop angiographically and clinical severe allograft vasculopathy. This change is quantifiable using wave intensity analysis where the size of the backward decompression wave identifies capillary rarefaction, and therefore predicts the rate and severity of angiographic and clinical disease and could guide screening rates. 
Conclusions
Wave intensity analysis allows a reasonable estimation of capillary rarefaction, which may be one of the earliest changes of CAV, and provides a focused insight into the capillary domain of the microcirculation. The magnitude of the BDW is able to predict the development and severity of CAV as well as clinical CAV-endpoints. Wave-intensity analysis may have a clinical utility in the assessment of cardiacallograft patients.
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